In this paper, isoelectronic doping with indium (In) in p-GaN is investigated on the basis of the thermal quenching of ultraviolet luminescence (UVL) band. A phenomenological rate-equation model is proposed as a nondestructive diagnostic technique to acquire the dopant ionization energy of p-GaN. In terms of this model, we analyze the evolution of the ionization energy of p-GaN samples grown with different trimethyindium flow rate and find that isoelectronic doping with appropriate In incorporation is able to significantly reduce the ionization energy of the acceptor from 245 to 112 meV, which are consistent with the results of the variable temperature Hall-effect measurements. The comparison between the samples' full width at half maximum of the UVL band indicates that excessive In incorporation will degenerate the conductivity of p-GaN .
Investigation of Isoelectronic Doping in p-GaN Based on the Thermal Quenching of UVL Band

Introduction
Recently, III-V nitrides have been a subject of intense investigation for applications in optoelectronic devices such as high electron mobility transistor (HEMT), blue and green light-emitting diodes (LED), and violet laser diodes [1] - [3] . However, acquisition of high quality and high conductivity p-type GaN is still an uneasy task, which obstructs the applications of III-V nitride optoelectronic devices seriously. Since Amano et al. successfully obtained p-type GaN films by using Mg-doping as an acceptor impurity with a post low-energy electron-beam irradiation (LEEBI) treatment [4] , numerous work has been done for the solution of high p-doping of GaN and related (Al, In, Ga)N alloys, such as the rapid thermal annealing (RTA) [5] - [6] , acceptor and donor codoping [7] - [8] , delta doping [9] - [10] , and polarization doping [11] - [12] . However, until now, the attainment of high conductivity p-type GaN remains a critical issue, partly due to the high reported activation energy for the Mg acceptor. On the other hand, heavy doping must result in the degradation of GaN, hindering the achievement of enhanced conductivity of p-GaN. Recently, isoelectronic doping with In was proposed as a viable technique to reduce the unintentional impurity, dislocation, and deep level concentrations [13] - [17] , which is beneficial to the enhancement of hole concentration. Nevertheless, further study is required for better understanding of the In Isoelectronic doping effect on the properties of GaN:Mg layers. Although the Hall-effect measurements as a conventional diagnostic technique has been widely used to investigate the properties of p-GaN, it is destructive for samples to some extent due to the necessary of deposition of contacts. And until now, the fast and nondestructive diagnostic technique to acquire the hole concentration and ionization energy of p-GaN, is always a question. In fact, the thermal quenching of photoluminescence (PL) of p-GaN is closely related to its energy level structure [18] - [19] , and owing to its relatively high ionization energy, the acceptor in p-GaN plays a more important role in thermal quenching of PL than that the donor does in n-GaN. Therefore, to quantificationally describe the relationship between PL intensity and the ionization energy in p-GaN, a temperature-dependent phenomenological rate-equation model was proposed as a nondestructive diagnostic technique to acquire the dopant ionization energy of p-GaN. After the performance of PL measurements at different temperature, we fit the UVL band Intensity as a function of the inverse of temperature based on the model and successfully obtain the ionization energy of the impurities in our p-GaN samples grown with different trimethyindium (TMIn) flow rates, which indeed contributes to the detailed analysis of isoelectronic doping in p-GaN. Additionally, the results of variable temperature Hall-effect measurements certify the feasibility of the rate-equation model. And the results indicate that Isoelectronic doping with appropriate In incorporation actually reduces the ionization energy, but excessive In incorporation will degenerate the conductivity of p-GaN. The rate-equation model was also reported in our previous work [17] , however, in which only the dynamic process of electrons was described. In this work, a comprehensive analysis including the dynamic process of holes is taken into consideration in the rate-equation model and the extracted dopant ionization energy are closer to the results obtained by variable temperature Hall-effect measurements. What is more, the p-GaN samples' full width at half maximum (FWHM) of the UVL band at different temperature is measured and utilized to study the effect of In composition content on the quality of p-GaN.
Experimental Details and Theoretical Analysis
In this work, samples were grown on 2 inch c-plane sapphire substrates by metal organic chemical vapor deposition (MOCVD). After an 1 μm undoped GaN layer deposited first on the substrate, a 0.5 μm GaN:Mg layer was grown. The GaN:Mg layers were deposited with di (cyclopentadienyl) magnesium (Cp2Mg) at a flow rate of 80 sccm; meanwhile, trimethylindium (TMIn) was supplied as the In source at flow rates ranging from 0 sccm to 135 sccm. Thus, the TMIn/Cp2Mg molar flow ratios for our three samples were 0 (sample A), 40 (sample B), and 100 (sample C), and sample A is treated as the reference. To investigate the PL thermal quenching behavior of our samples, the temperature-dependence PL with a 325 nm He-Cd laser was performed in the temperature range of 10 K-300 K. Fig. 1 illustrates the PL spectrums of sample B at different temperature from 10 K to 300 K. Apparently, two sets of PL peaks can be resolved in Fig. 1 , one set is located around 3.3 eV with its LO phonon replicas, called ultraviolet luminescence (UVL) band, the other set is the blue luminescence (BL) band with the peak at around 2.9 eV, which is tied to the nitrogen vacancy in GaN [20] - [21] . Generally, the UVL is assigned to the shallow donor-acceptor pair (DAP) and/or conduction-band-acceptor (e-A) transition. Due to the relatively small donor ionization energy, the peaks resulting from DAP and e-A are hard to be distinguished from each other. At low temperature, the UVL is dominates in Fig. 1 , as temperature increases, the intensity of UVL suffers a abrupt quenching, which generally is called "thermal quenching," while temperature is above 100 K, the UVL band disappears.
Since the UVL is tightly related to the dynamic processes of donor and acceptor in p-GaN, it is possible to obtain the ionization energy of the donor and acceptor by analyzing its thermal quenching behavior. For a better understanding of the thermal quench behaviors in our p-type samples, it is necessary to review the causes of thermal quenching that are commonly observed in experiments. Different from n-GaN, p-GaN has a relatively high impurity ionization energy, in other word, there is very few ionized acceptor in p-GaN at low temperature. With increasing temperature, holes bound to acceptors are activated to the valence band, resulting in the quenching of UVL transition. Nevertheless, the sample B in Fig. 1 has a character temperature (at which the abrupt quenching begins) below 100 K, so do sample A and C (for simplicity, the PL spectrums of which are not presented here). Actually, at such low temperature, it is impossible for the acceptors in p-GaN to widely ionize. Hence, there must be other channels contributing to the UVL thermal quenching. Owing to its relatively small ionization energy, the electron bound to donor energy level can escape to conduction band, which not only enhances e-A transition but gives rise to the transition between the conduction band and the nonradiative recombination centers as well, which may be the another possible mechanism of the UVL thermal quenching.
Based on the discussions above, a phenomenological rate-equation model is proposed to explain the dramatic behavior of PL in our p-GaN samples. The energy diagram is shown schematically in Fig. 2 . After optical excitation with the photon energy higher than the bandgap of p-GaN, most of the excited valance electrons, with a net generation rate G, transfer to the conduction band (CB) rather than other upper levels. In the same manner, some electrons in acceptor levels may also be excited to CB with a rate G A , but G A << G, due to the much lower electron state density in acceptor levels. At a certain temperature T, the bound electrons at donors may be thermally activated to CB with the probability Q D (Q D = exp(−E n /kT); E n is the ionization energy of the donor; and k, T is the Boltzmann constant and temperature, respectively). Meanwhile, some electrons in CB also release to donor levels with the rate C nD (N D −n D )n, where C nD is the electron capture coefficient for the donor, and N D , n D are the donor concentration and electron concentration at donors levels, respectively. Similar to electrons, the bound holes at acceptors are activated to the valance band (VB) with the probability Q A (Q A = exp(−E p /kT); and E p is the ionization energy of the acceptor); the holes in VB will be captured by acceptors with the rate C Ap (N A −p A )p, where C Ap is the hole capture coefficient for acceptor; and N A , p A are the acceptor concentration and hole concentration at acceptor levels, respectively. With the probability w n ( , respectively, the electron in CB and donor levels and holes in VB and acceptor levels may also be captured by non-radiative recombination centers (NRCs), the reverse processes of which hardly occur for the lack of enough thermal energy for excitation in the temperature range under consideration. Due to no corresponding signals presented in the PL spectrums, the transition between the donor levels and VB is negligible, as does the activity of exciton.
In summary, we can derive the following rate equations:
On account of the high ionization energy E p , the approximations (N A − p A ) ≈ 0 holds in the temperature range under consideration (the quenching processes of UVL transition mainly occur below 120 K for all three samples). Taking (1)- (4) into consideration, the p A , which is hole concentration at acceptor levels, can be given in the form at steady state
where
Solving the (5), the expression for p A is
Owing to G A << G, the D 2 2 4D 1 D 3 , we approximate
Because the PL intensity is proportional to the concentration of electrons and holes at corresponding levels of transition, according to (1)- (2), and Eq. (7), we finally obtain the expression for the PL intensity of UVL where k 1 and k 2 is the radiative recombination coefficients, and
In terms (8), the PL intensity of UVL is significantly correlated with the ionization energy E n and E p , and therefore, the ionization energy can be obtained by using (8) to fit the temperature-dependent PL intensity curve of UVL.
Results
As shown in Fig. 3(a) , the UVL band can be extracted from the spectrums by Gaussian fitting, and then, the integral peak area is calculated as the UVL PL intensity at different temperature. For simplicity, Fig. 3(b) only illustrates the fitting curve of sample C. Eventually, the acceptor ionization energy 245 meV, 112 meV, and 165 meV and the donor ionization energy 19 meV, 23 meV, and 21 meV, for sample A, B, and C, respectively, are acquired. It is clear that the isoelectronic doping with In can indeed reduce the ionization energy of Mg in p-GaN but with little effect on the donor ionization energy. Compared with the reference sample A, the sample B has a acceptor ionization energy less than one-half that of the sample A. Two possibilities may contribute to the dramatic reduction of the acceptor ionization energy. On the one hand, due to the significant difference of ionic radius between In and Ga, co-doped In and Mg forms (the solubility of In and Mg is low) inhomogeneous nano-scal distribution by spinodal nano-decomposition, which makes shallower acceptor levels in the wide band-gap GaN [22] . On the other hand, the intrinsic donor, such as Nvacancy, and Mg acceptor co-doping caused by the introduction of large ionic size of In at Ga-site due to the size compensation, can reduce the activation energy of Mg acceptor and donor complex formation for the co-doping [23] - [25] .
However, with the further increment of In concentration in sample C, the ionization energy is improved. This abnormality can be explained that excessive In incorporation will bring in more defects in p-GaN, which results in the compensation for acceptor Mg [26] . And the proof can be also found in Fig. 4 [27]- [28] . As analyzed above, due to higher defect concentration in sample C, its full width at half maximum (FWHM) of UVL is obviously more huge than sample A and B, while there is little difference between sample A and B.
To test the validity of our model, the hole concentrations of our samples are obtained after the performance of variable temperature Hall-effect measurements as presented in Fig. 5 [12] . The results at room temperature (RT) reveal that the measured hole concentration in reference sample A is 1.35 × 10 17 cm −3 , contributed to the appropriate In incorporation, the highest hole concentration 1.94 × 10 18 cm −3 is achieved in sample B, further enhancement of In incorporation leads the hole concentration in sample C decrease to 3.40 × 10 17 cm −3 , but still larger than that of the reference. To determine the acceptor ionization energy of our samples, we further performed the least-squares fit of the charge neutrality equation to the concentration data [29] , and the acceptor ionization energy 249 meV, 111 meV, and 161 meV for sample A, B, and C, respectively, are obtained, which are consistent with those achieved in the analysis for thermal quenching, and indicate the isoelectronic doping with In is effective in p-type doping of GaN.
Conclusion
In conclusion, based on the thermal quenching of UVL band, a phenomenological rate-equation model was proposed to analyze the evolution of the ionization energy of p-GaN samples grown with different trimethyindium (TMIn) flow rates. In term of this model, we calculated the ionization energy of p-GaN samples and found that isoelectronic doping with appropriate In incorporation is able to significantly reduce the ionization energy of the acceptor from 245 meV to 112 meV, which are consistent with the results of the variable temperature Hall-effect measurements.
